In this work, a rheological study of automotive lubricant oils, neutral light paraffinic (NLP) and neutral medium paraffinic (NMP), additivated with two commercial viscosity index improversVIIs, based on hydrogenated poly (isoprene-co-styrene), at different concentrations, was carried out. The study included the determination of the kinematic viscosity of the mixtures, the calculation of the viscosity indexes and their behavior when subjected to various rheometric experiments, including stress sweep, steady state flow, creep and recovery, and temperature ramp oscillatory tests. The obtained results showed the efficacy of the additives as viscosity index improvers, enabling a significant increase in the viscosity index of the pure oils at relatively low concentrations. The determination of the storage (G') and of the loss (G") moduli for the mixtures oil/VII additives showed a large predominance of the viscous effect over the elastic one. Except when under low shear stress, the mixtures showed a pseudoplastic behavior, with the flow curves being adjusted to fit the Ostwald-de-Waele model (Power Law), with negative flow behavior indexes.
Introduction
The demand for technological innovations in the lubricant oil sector has steadily increased with the evolution of * Corresponding author.
A. P. P. Almeida et al. 1086 automotive engines. Currently, many lubricant properties have been reinforced or created by means of chemical polymeric additives, in the constant search for improved performance, efficiency, durability, and reduction of emissions and operational costs of automotive engines.
Brazil has had a distinguished role in this area for having cutting-edge technology in oil exploration and refining as well as for being a promising market for the sale of lubricant oils. In 2009, the country consumed 3.2% of the total volume of the product sold worldwide and, according to recent research, the national demand is expected to increase significantly until 2019 [1] . Considering this scenario, the country has the opportunity to develop its knowledge about the technology of polymeric chemical additives for automotive lubricant oils.
Viscosity index (VI) represents the effect of temperature on the kinematic viscosity of lubricant oils, and was initially proposed by Dean and Davis in 1929 [2] . It measures the stability of the kinematic viscosity with temperature. The higher the VI, the more stable the kinematic viscosity with temperature. For petroleum lubricant oils, a VI slightly above 100 is almost the maximum limit attainable by economical refining processes [3] . Any additional increase in the VI can only be achieved with the addition of polymers known as Viscosity Index Improvers (VIIs).
Viscosity index improvers (VIIs) are among the most important additives for lubricant oil formulation [4] . Polymers usually used as VIIs are olefins copolymers (OCPs), poly (alkyl methacrylates) (PAMAs), hydrogenated copolymers of (styrene-co-butadiene) (HSD) and their modifications, hydrogenated copolymers of (styreneco-isoprene) (HSI) and their modifications, along with the star-shaped polymers with a radial hydrogenated poly (isoprene) base (HRI) [5] - [7] .
This study was motivated by the need for a greater understanding of the characteristics of the polymers used as viscosity index improvers in paraffinic oil. This paper reports the rheological study of automotive lubricant oils, neutral light paraffinic (NLP) and neutral medium paraffinic (NMP), additivated with two commercial VIIs, at different concentrations. The study included the determination of the kinematic viscosity of the mixtures, the calculation of the viscosity indexes and their behavior when subjected to various rheometric tests.
Experimental
The experiments carried out in this work involved the preparation of the mixtures (oil plus VII), determination of the kinematic viscosities, calculation of the viscosity indexes, and rheometric tests.
Materials
Samples of neutral light and neutral medium paraffinic oils and samples of oils with two VII additives based on hydrogenated poly (isoprene-co-styrene) were used for this study. The commercial VIIs used were codified as A2 and A5.
Preparation of Samples
The procedure used for the preparation of the samples was dissolution of the VIIs in neutral light and in neutral medium paraffinic oils, with manual stirring without heating, utilizing a glass rod for the initial homogenization of the mixture. Subsequently, mechanical stirring was used (IKA-MOD. RW 20n shaker) at 960 rpm for 20 minutes, increasing, thereafter, to 2400 rpm for 60 minutes, without heating. The mixtures were prepared at three mass concentrations of each VII additive-1%, 2% and 4%. The kinematic viscosities of the mixtures with 1% and 2% concentration of additive were determined, and their viscosities indexes were, then, calculated. For the rheometric tests, the mixtures with 2% and 4% concentration of additive were used.
Determination of Kinematic Viscosity and Viscosity Index
The kinematic viscosities of the paraffinic oils and of the mixtures oils/VII additives were determined, according to ASTM D-445 and ASTM D-446, at 40˚C and at 100˚C, using a Herzog viscometer. From the obtained kinematic viscosities, the viscosity indexes were calculated, according to ASTM D-2270.
Rheometric Tests
The behavior of the paraffinic oils and of the mixtures oils/VII additives when subjected to rheometric tests was studied using a rheometer model AR-G2 Rheometer (TA Instruments), concentrical cylinders geometry. Stress sweep test, in the range of 0.001 to 1063 Pa at 25˚C and at a 1 Hz frequency, was used for the determination of the linear viscoelasticity region. From steady state flow tests, at 25˚C, stress-strain curves were obtained and the viscosity was determined. In this experiment, the strain rate varied between 5.316 × 10 −3 and 600 Pa. For the evaluation of the viscoelastic behavior of the samples, creep and recovery tests were carried out in two steps: 1) the material was subjected to a constant shear stresses (τ) of 1 and of 10 Pa, for a period of 15 minutes (t 1 ); 2) the tension was, then, instantly removed and, for a period of 10 minutes (t 2 ), the recovery of the sample was observed. The values for the shear stress (within the Newtonian plateau) were selected from the steady state flow experiments. Throughout the test, the strain (γ), as a function of time, was measured.
Temperature ramp oscillatory tests were conducted, in order to evaluate the viscoelastic behavior of the samples, with continuously increasing temperature. The temperature range of the experiments varied from 25˚C to 150˚C, at a heating rate of 5˚C•min −1 , maintaining the tension and the frequency constants at 1 Pa and 1 Hz, respectively. The storage or elastic (G') and the loss or viscous (G") moduli, as well as the complex viscosity (η*), were determined, as a function of temperature.
Results and Discussion
The kinematic viscosities and the viscosity indexes of the pure oils and of the mixtures with the two addditives (A2 and A5), at 1% and 2% mass concentration, were determined and the results are presented and discussed in this section. Also, the results obtained from the rheometric tests, for the mixtures with 2% and 4% mass concentration of additives, are shown and analyzed considering the effect of the polymer addition to the oils, taking into account their structure, their concentration and other important parameters which will determine their rheological behavior.
Determination of Kinematic Viscosity and Viscosity Index
As seen, from the results presented in Table 1 , the kinematic viscosities of MNP oils, at both temperatures, are superior to those of LNP oils, which is in accordance with the specifications for these products [8] . At both temperatures, the kinematic viscosities of the mixtures (oil + VII) are higher than those of pure oils, and they increase with VII concentration, this dependence being more dramatic as the VII concentration increases. Also, it can be noted that, the higher the temperature, the lower the kinematic viscosity.
It is known that the viscosity of a polymeric solution depends on the size of polymer chains, on the extent of their intra and intermolecular interactions, on the extension of polymer and solvent molecules interactions, on polymer concentration and on the nature of the solvent [3] . From the results obtained in the present work, it can be observed that both oils (LNP and MNP) are good solvents for both VII additives (A2 and A5), due to the facility of VIIs dissolution in the oils and to the stability of the mixtures, observed over time. In a good solvent, the polymeric chains are in an uncoiled state. An increase in temperature will cause a weakening in the polymersolvent bonds, enabling an increase of the intra and intermolecular interactions (polymer-polymer interactions), resulting in the coiling of the polymeric molecules, resulting in a smaller hydrodynamic volume, with the con- It is worthy noting, also from the results presented in Table 1 , that the thickening effect of A5 VII was greater than that of A2 VII. It is known that, in hydrogenated styrene-isoprene copolymers, the macromolecules are bonded by styrene blocks which, in a solution, are not well dissolved by the oil, forming a type of "loose network" [9] . The effect of network formation implies in the thickening of the oil, this effect being proportional to the concentration of styrene blocks. Thus, the observed difference in the thickening effect of the VIIs used in this work, can be associated with possible differences in the molecular structure of the polymers, with respect to the amount of styrene blocks.
Based on the data of kinematic viscosities, at 40˚C and 100˚C, the viscosity indexes were calculated, and the results are shown in Table 2 . The viscosity indexes obtained for the LNP and for the MNP oils, 102 and 98, respectively, are in accordance with the values expected for lubricant oils (paraffinic petroleum), C 24 to C 50 , deparaffinated, dearomatized by solvent and hydrogenated [8] [10] . It can be seen, from the data presented in Table 2 , that the viscosity indexes increase with the addition of VII and, also, the greater the VII concentration, the greater the VI. Also, this effect is more significant when the polymers are added to the LNP oil and, in addition, this effect is more pronounced when the A5 VII is added compared to the A2 VII.
According to [11] , when the polymer is added to the paraffinic oil in small concentrations, usually around 0.5 to 2% in mass percentage, it hardly affects the temperature dependence of viscosity of the paraffinic oil, except when there is a strong interaction between the VII and the oil or if a phase transition occurs. For the systems studied in the present work, the results shown in Table 1 , and Table 2 , as the addition of VIIs contributed to the increasing of the viscosity of the paraffinic oil, both at low and high temperatures, as well as a VI increase, and no phase transition was observed, suggest that there is a strong interaction between the VIIs and the oils, implying in a bigger hydrodynamic volume.
According to [12] , lubricating oils containing OCPs and PAMAs copolymers as additives show a lesser variation of viscosity with increasing temperatures when compared to pure paraffinic oil. The VIs of oils containing additives were larger than 140, reaching a maximum value of 154 when 2% of PAMA additive was added. Jukić and co-authors [13] studied the effect of the increased viscosity index of paraffinic oil with added styrene/dodecil/octadecyl metacrilate terpolymers, and observed that all terpolymer/paraffinic mineral oil systems, with 5% mass concentration, showed a VI greater than 150.
In the present study, significant increases of the VIs were observed, reaching high values for mixtures at relatively small concentrations, 1% and 2% in mass. The fact that the A5 VII is more effective in increasing the VI compared to the A2 VII can be explained based on the formation of a "loose network", due to the styrene blocks, earlier discussed, and allows one to use a smaller quantity of this additive for an specific selected VI.
Analysis of Rheological Behavior from the Rheometric Tests

Stress Sweep Tests
The linear viscoelasticity region was determined through stress sweep tests for the evaluation of the resistance of the material to deformation until the collapse of its structure. It is necessary that the stress applied in this region induces a proportional deformation response [14] . All mixtures oils (LNP and MNP)/VIIs additives (A2 and A5), at different concentrations, presented a significant region of linear viscoelasticity, which means that the systems present a good stability to deformation. Through this test, it was also possible to observe, as expected, a predominance of the viscous behavior over the elastic one, since the quantity of oil present in the samples are much greater than the quantity of polymer added. Table 2 . Viscosity index (VI) of the pure LNP and MNP oils and of their mixtures with VIIs A2 and A5, at 1% and 2% mass concentration. 
Steady State Flow Tests
From the steady state flow tests, stress-strain curves were obtained, as shown in Figure 1 , and it was possible to obtain the respective viscosity curves, as shown in Figure 2 . It was observed that the samples present a nonNewtonian behavior and, with the aid of the rheometer software, the obtained flow curves presented a best fit to Ostwald-de-Waele model (Power Law). The Power Law flow behavior indexes obtained were smaller than 1, in accordance with those expected for pseudoplastic fluids. Nevertheless, it can be observed that, at low shear stress values, the viscosity of the samples remains constant, and that it decreases as the shear stress values increase. This behavior can be explained considering that, in a low shear stress region, the polymeric molecules remain randomly dispersed, due to the Brownian movement, despite the shearing orientation initial effects. So, at very low shear stress, the pseudoplastic fluids behave as Newtonian fluids, having a viscosity (η 0 ) independent of the shear stress. When the shear stress (γ) increases to a point in which shearing, which induces the polymeric molecule orientation, exceeds the randomizing effect of the Brownian movement, the viscosity decreases, that is, a pseudoplastic behavior.
Creep and Recovery Tests
By analyzing the results obtained from the creep and recovery tests, it can be observed that the compliance (strain/stress ratio) is independent of the applied stress, as expected for the linear viscoelasticity region, as seen in Figure 3 and Figure 4 . Additionally, it is possible to observe that an increase in additive concentration (both for A2 and A5), for the whole time interval of the tests, results in a decrease in the compliance value. This behavior can be explained by the presence of the polymer which, even in low concentrations, offers greater resistance to deformation for an applied stress. The difference in behavior between the systems becomes even more evident when the compliance values of the oils with additives are compared with the values of the pure oils.
Temperature Ramp Oscillatory Tests
In Figure 5 , it is shown a typical curve of the storage or elastic (G') and of the loss or viscous (G") moduli and of the complex viscosity (η*) as a function of time, obtained through the temperature ramp oscillatory test. In this figure, it is possible to observe that the visocus effect largely prevails over the elastic one, a result which corroborates those obtained from the stress sweep tests.
In Figure 6 and Figure 7 it is shown the dependency of the complex viscosity on temperature for the LNP and LNP + VII additives samples studied. For the MNP and MNP + VII additives, a similar behavior was observed. An increase in temperature induced a reduction of η* of the samples of light neutral, and medium neutral paraffinic mineral oils containing additives, a more pronounced effect in samples with higher additive concentration. By zooming the curves for the 100˚C to 150˚C range, as seen in Figure 7 , it is shown that the complex viscosities of the mixtures, for all polymer concentrations, are higher than those of the pure oils, which implies in the efficacy of the A series additives as viscosity index improvers. 
Conclusion
Both A series (A2 and A5) of additives, based on hydrogenated poly (isoprene-co-styrene), used in this work, are effective as viscosity index improvers, as shown by the determination of the viscosity indexes and by different rheometric tests. Light neutral paraffinic and medium neutral paraffinic oils are good solvents for the VIIs studied. The additives were more effective when dissolved in LNP oil, resulting in a greater percentage increase in the viscosity index, as compared to the dissolution in MNP oil. The additives showed different thickening effect, the A5 presenting a greater effect. This result was interpreted considering the formation of a loose network, due to the styrene blocks, which present low solutbility in paraffinic oil. The mixtures oil/VIIs additives showed a pseudoplastic behavior, with the flow curves being adjusted to fit the Ostwald-de-Waele model (Power Law), with negative flow behavior indexes. However, for low shear stresses, the mixtures showed a Newtonian behavior. It was observed that the VIIs decrease the compliance and, this effect is a function of VII additive concentration. This result was attributed to the resistance of the polymer to deformation, for an applied stress. It was observed, by different rheometric tests (temperature ramp oscillatory and stress sweep), that the visocus effect largely prevails over the elastic one, for mixtures oil/VIIs additives.
